Purpose: The expression of FERM-domain-containing protein-1 (FRMPD1)/FERM and PDZ domain-containing protein-2 (FRMD2) in malignant tumors, including lung cancer, and its underlying molecular mechanism have not been reported yet.
Introduction
(MST1/2-WW45-LATS1/2-MOB), downstream effector molecules, yes-associated-protein (YAP), and the target genes of the Hippo pathway, including connective tissue growth factor (CTGF), CyclinE, and DIAP. When the Hippo pathway is activated, the MST1/2-LATS1/2 kinase complex undergoes cascade phosphorylation, which promotes the phosphorylation of YAP (p-YAP). The p-YAP remains in the cytoplasm, where it binds to the 14-3-3 protein and degrades it through the ubiquitin-proteasome pathway. When the Hippo pathway is inhibited, the nonphosphorylated YAP binds to the transcriptional factor TEADs (TEA-domain transcription factors) and promotes the transcriptional activity of its target genes, including CTGF, CyclinE, and CYR61, thereby enhancing the proliferation and invasion of tumor cells. [5] [6] [7] WWC3 is one of the three members of the WWC protein family (WWC1, WWC2, and WWC3); all the members of this family share similar protein structures, including an Nterminal dual WW domain (which binds to the PPxY motif), C2 domain in the central part, and a C-terminal PDZ domain binding motif. 8, 9 Our previous study confirmed that WWC3
can regulate the activity of both the Wnt and Hippo pathways by interacting with DVLs and LATS1 to inhibit the proliferation, invasion, and metastasis of lung cancer cells. . 13 Current research available on the FERM family is mainly focused on the FRMD6 protein. For example, in Drosophila melanogaster, FRMD6 binds to the C-terminal of Merlin, an upstream protein of the Hippo pathway, via its FERM domain, thereby promoting the Hippo pathway, retaining Yki in the cytoplasm, and in turn, regulating organ sizes in Drosophila melanogaster. [14] [15] [16] In addition, overexpression of FRMD6 in the YAP-induced MCF-10A cell line of normal ductal epithelial cells of human breast can activate the Hippo pathway, inhibit the epithelial-mesenchymal transition induced by the nuclear translocation of YAP, and ultimately, inhibit the malignant progression of cancer cells. 17 To date, the expression of FRMPD1 in human malignant tumors and the association between FRMPD1 and the Hippo pathway have not been reported. Although there have been few studies on the role of FRMPD1 in human malignancies, analysis of FRMPD1 and WWC3 domains has shown a possible interaction between the PDZ domain in FRMPD1 and the PDZ domain-binding motif in WWC3. 10 We speculated that because WWC3 plays an important role in the Hippo pathway, FRMPD1 may regulate this pathway by binding to WWC3, thereby affecting the malignant phenotype of lung cancer cells. In this study, we first examined the expression of FRMPD1 in lung cancer cell lines and resected specimens. Then, we detected the effect of bidirectional regulation of FRMPD1 on the proliferation and invasion of lung cancer cells. Finally, we generated mutants of FRMPD1 and WWC3 to detect whether FRMPD1 interacts with WWC3 through its corresponding domains. This study revealed the specific molecular mechanism underlying the regulation of the Hippo pathway via FRMPD1.
Material and methods

Specimen collection
We collected 127 tumor specimens, including non-small cell lung cancer (NSCLC) tissues and paired non-tumor tissues (20 
Immunohistochemistry (IHC)
Assays were performed as described previously. 21 Two inves- 
Plasmid construction and transfection
The pEGFP-C2 empty vector, pEGFP-C2-WWC3 plasmid, and pEGFP-C2-WWC3-ΔADDV plasmid were gifts from Professor Joachim Kremerskothen (Muenster University, Germany). The CMV region was the promoter of the pEGFP-C2 vector, and it was isolated and purified by using Kanamycin (50 µg/mL, TransGen Biotech, Beijing, China). The Myc-DDK-tagged-FRMPD1 plasmid was purchased from Origene (Rockville, MD, USA). Both Myc-DDK-tagged-FRMPD1-ΔPDZ and siRNA-FRMPD1 were constructed by Ribobio (Guangzhou, China). Prior to transfection, cells were cultured in medium-deprived serum for 3 h, and Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used for plasmid transfection per the manufacturer's instructions. Stable transfection was screened by G418 (#A1720, Sigma, St. Louis, MO, USA).
Nuclear and cytosolic fractionation
Cultured cells were trypsinized and washed with cold PBS, and the cell pellets were resuspended in ice-cold lysis buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris, pH 7.5, 1 mM EDTA supplemented with protease inhibitors). After being incubated on ice for 15 min, the cells were homogenized. The nuclei were separated by centrifugation (10 min, 12,000 round/min, 4°C), and the supernatant containing the cytosolic fraction was boiled in sample buffer. The pellet containing the nuclei was washed with PBS and then resuspended in RIPA buffer (Santa Cruz Biotechnology, CA, USA) for 5 min on ice. The pellet was then centrifuged again, and the supernatant (nuclear fraction) was boiled in sample buffer. Finally, the cytosolic and nuclear fractions were detected by WB.
Immunofluorescence staining
Assays were performed as described previously. 21 Briefly, plasmids and siRNA were transfected into cells. After 48 h, cells were fixed, permeabilized, and incubated with primary antibodies and fluorescein isothiocyanate-conjugated (FITC) or tetramethyl rhodamine isothiocyanate-conjugated (TRITC) secondary antibodies. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Slides were observed under an inverted Nikon TE300 microscope (Melville, NY, USA). Five random fields of view were examined per slide and the final images were obtained and analyzed using confocal microscopy with FLUOVIEW viewer software.
Colony formation, matrigel invasion, and MTT assays Colony formation
Forty-eight hours after transfection with plasmids or siRNA, cells were seeded in three 6-cm cell culture dishes (1,000 cells/ dish) and incubated for 12 days in 10% FBS of RPMI-1640 medium. The plates were then washed with PBS and stained with Giemsa (Beyotime Biotechnology, Shanghai, China) before counting the number of colonies consisting of >50 cells.
Matrigel invasion
A cell invasion assay was performed using a 24-well Transwell chamber with an 8 μm pore size (Thermo Fisher Scientific, Waltham, MA, USA), and the inserts were coated with 20 μL Matrigel (1:3 dilution, BD Bioscience, New Jersey, USA). LK2 cells transfected with the FRMPD1 plasmid or FRMPD1 shRNA for 48 h were trypsinized, transferred to the upper Matrigel chamber in 100 μL of serum-free medium containing 5×10 5 cells, and incubated for 16 h. Medium supplemented with 10% FBS was added to the lower chamber as the chemoattractant. The number of invaded cells was counted in 10 randomly selected high-power fields under a microscope (Nikon TE300, Melville, NY, USA).
MTT assays
Forty-eight hours after transfection, cells were plated in 96-well plates in media containing 10% FBS at about 2,000 cells/well, and cell viability was determined using the MTT assay. Briefly, 20 μL of 5 mg/mL MTT solution (Sigma, St. Louis, MO, USA) was added to each well and incubated for 4 h at 37°C. Then, the medium was removed from each well and the resultant MTT formazan was solubilized in 150 μL of DMSO (Sigma, St. Louis, MO, USA). The results were quantified spectrophotometrically (Bio-Rad Technology, CA, USA) using a test wavelength of 490 nm.
RNA extraction and real-time RT-PCR (RT-qPCR)
Cells were transfected with the indicated plasmid or siRNA. After 48 h, RNA was extracted and RT-qPCR assays were performed as described previously. 20 The relative transcript levels of genes were normalized to GAPDH mRNA levels. Primers were synthesized (Sangon Biotech, Shanghai, China) using the sequences listed below:
Dual-luciferase assay YAP/TEAD transcriptional activity was measured using a luciferase assay based on the pGL3b_8xGTIIC-luciferase plasmid obtained from Addgene (plasmid #34615, Cambridge, MA, USA). Cells were transfected to express the indicated proteins and Renilla luciferase was used as a control for signal normalization. The dual luciferase assays were performed according to the manufacturer's protocol (Progema, Madison, Wisconsin, USA). Three independent transfections were carried out for each experiment. Data were normalized to the empty vector control and presented as average ± SD.
Transplantation of tumor cells into nude mice
The nude mice used in this study were treated following the experimental animal ethics guidelines issued by the China Medical University. The study was approved by the Institutional Animal Research Committee of China Medical University. Four-week-old female BALB/c nude mice were purchased from Charles River (Beijing, China), and the axilla or tail vein of each mouse was subcutaneously or intravenously inoculated with 5×10 6 or 2×10 6 tumor cells, respectively, in 0.2 mL of sterile PBS. Six weeks after inoculation, mice were euthanized and autopsied to examine tumor growth and dissemination. A portion of tissue from the tumor and each organ was fixed in 4% formaldehyde (Sigma) and embedded in paraffin. Serial 4-μm-thick sections were prepared and stained with hematoxylin and eosin (H&E), and the stained sections were examined under a microscope (Nikon TE300, Melville, NY, USA).
Statistical analysis
The statistical software SPSS 22.0 (statistical program for social sciences 22.0, Chicago, IL, USA) was used for all analyses. The chi-square test was used to assess correlations between FRMPD1 expression and clinicopathological factors. The Cox regression model was used to test the prognostic value. All clinicopathological parameters were included in the Cox regression model and tested by univariate analysis using the enter method and by multivariate analysis using the forward stepwise logistic regression method. Differences between the groups were tested with a Student's t-test（Paired t-test）. A P-value of <0.05 was considered to be significant.
Results
Low expression of FRMPD1 in lung cancer is associated with poor prognosis
To investigate the expression pattern of FRMPD1 in lung cancer tissues, we collected 127 NSCLC specimens. Immunohistochemical staining showed that FRMPD1 was localized in the cytoplasm of lung cancer cells and was strongly expressed in normal bronchial epithelium and normal submucosal glands (15/20, 75%); it was negatively or weakly expressed in squamous cell carcinoma and adenocarcinoma (61.4%, 78/127. Positive expression was 38.6%, 49/127. Figure 1A ). The low expression of FRMPD1 was associated with age (P=0.040), lymph node metastasis (P<0.001), and advanced TNM stage (P<0.001) in lung cancer patients (Table 1) . WB, RT-qPCR, and confocal microscopy were employed to detect the protein levels, mRNA levels, and location of FRMPD1, respectively, in six lung cancer cell lines (A549, H1299, SPC, H460: lung adenocarcinoma, LK2: lung squamous cell carcinoma, H661: large cell lung cancer) and the HBE cell line. Results showed that the expression of FRMPD1 in five lung cancer cell lines (5/6) was significantly lower than that in the HBE cell line, and that FRMPD1 was localized in the cytoplasm at the same time (Figure 1B and C; Figure S1A ). In addition, Kaplan-Meier survival analysis showed that patients with FRMPD1 positive expression (49.540 months ±3.044) survived significantly longer than those (28.178 months ±1.263) with negative expression (P<0.001, Figure 1D ). Cox regression analysis indicated that low FRMPD1 expression was an independent risk factor for poor prognosis of NSCLC patients (P<0.05, Table 2 ). Finally, the TCGA database (http://ualcan.path.uab.edu/cgl-bin/TCGAExRes) showed that the expression of FRMPD1 in lung adenocarcinoma was significantly lower than that in normal lung tissue, whereas in lung squamous cell carcinoma, although the P-value was insignificant, the expression of FRMPD1 had a tendency to decrease ( Figure 1E and F) . These results were consistent with the conclusions drawn from lung cancer tissues and cell lines. From these data, we can conclude that FRMPD1 may play an inhibitory role in the malignant progression of lung cancer. Figure S2E -H). To assess the effect of FRMPD1 on the proliferation and invasion in vivo, the H1299 cell line stably expressing FRMPD1 (selected by G418) was subcutaneously injected or intravenously injected (via the tail vein) into nude mice. Although the tumor formation rate was similar (3/3, 100%), the volume and weight of subcutaneously injected tumors were reduced in the FRMPD1 group as compared with the control group (control group vs FRMPD1 group, weight: 0.5257 g ±0.052 vs 0.2543 g ±0.03, P<0.05. Figure 2I -K). After intravenous injection, as compared with the control group, FRMPD1 overexpression reduced intrapulmonary metastasis formation (control group vs FRMPD1 group: 6.1±1.2 vs 2.5±0.7, n=7, P<0.05. Figure 2L and M). The above results indicated that FRMPD1 inhibits the proliferation and invasion of tumors. Because FRMD6/Willin, which belong to the same family, can activate the Hippo pathway by binding to Merlin, it can be speculated that FRMPD1 may also inhibit tumor proliferation and invasion by activating the Hippo pathway. Kaplan-Meier survival analysis showed that FRMPD1-positive patients survived significantly longer than FRMPD1-negative patients. (E, F) TCGA database showed that FRMPD1 expression in lung adenocarcinoma was significantly lower than that in normal lung tissue (E). LUAD: lung adenocarcinoma. Although the differences in expression of FRMPD1 in lung squamous cell carcinoma were insignificant (n.s.: p=0.8454), it still tended to decrease (F). LUSC: lung squamous carcinoma. (*: p<0.05, ***: p<0.001).
FRMPD1 can inhibit proliferation and invasion of lung cancer cells
FRMPD1 inhibits nuclear translocation of YAP by activating the Hippo pathway
According to previous reports, 17 FRMD6/Willin can activate the Hippo pathway by binding to Merlin, an upstream molecule of the Hippo pathway. Therefore, in the interest of exploring the molecular mechanism through which FRMPD1 affects malignant lung cancer phenotypes, we focused on the effects of FRMPD1 on the Hippo pathway.
We transfected FRMPD1 plasmids into H1299 and H460 cell lines and found the luciferase activity of YAP-TEAD to be significantly downregulated ( Figure S3A ). At the same time, WB showed that the phosphorylation of LATS1 and YAP was upregulated, whereas expression levels of CTGF and CyclinE in the nucleus were downregulated ( Figure 3A) . In contrast, the phosphorylation of LATS1 and YAP was decreased; furthermore, the luciferase activity of YAP-TEAD and the expression levels of CTGF and CyclinE in the nucleus of the Hippo pathway were enhanced after silencing of FRMPD1 in A549 and LK2 ( Figure 3 ; Figure S3 ). In H1299 cell lines, transfection of FRMPD1 inhibited the nuclear translocation of YAP, as demonstrated by nucleus-cytoplasm isolation and immunofluorescence ( Figure 3C and D) . In A549 cells, silencing of FRMPD1 promoted the nuclear translocation of YAP ( Figure 3E and F). Therefore, we concluded that FRMPD1 stimulates the phosphorylation of the LATS1-YAP cascade to retain YAP in the cytoplasm, thus inhibiting the expression of CTFG and CyclinE and activating the Hippo pathway.
FRMPD1 activates the Hippo pathway through binding of its PDZ domain and the ADDV domain of WWC3
By analyzing the molecular structure of WWC3 (upstream protein of the Hippo pathway) and FRMPD1, we speculated that the PDZ domain of FRMPD1 might interact with the PDZ binding motif (ADDV domain) of WWC3. To confirm this hypothesis, we performed a confocal microscopy assay and revealed that the two proteins had exogenous and endogenous co-localization in the cytoplasm of HEK293 and H1299 cell lines ( Figure 4A ). Next, we co-transfected GFP-WWC3 and MYC-FRMPD1 plasmids into the H1299 cell line; the co-immunoprecipitation assay showed that MYC-FRMPD1 interacts with GFP-WWC3 ( Figure 4B ). To determine the binding sites involved in the interactions between FRMPD1 and WWC3, we next constructed a series of FRMPD1 (MYC-FRMPD1-ΔPDZ) and WWC3 (GFP-WWC3-ΔADDV) mutant plasmids ( Figure 4C ). Co-immunoprecipitation results showed that FRMPD1-ΔADDV could not interact with WWC3; on the other hand, WWC3 could not interact with FRMPD1 when it lacked a carbon-terminal ADDV binding motif ( Figure 4D and E). Based on the above results, we concluded that FRMPD1 interacts with the carbon-terminal ADDV binding motif of WWC3 via its own PDZ domain. 
FRMPD1 inhibits the malignant phenotype of lung cancer by activating the Hippo pathway via interaction with WWC3
Our previous studies have demonstrated that WWC3 can activate the Hippo pathway via LATS1 in lung cancer cell lines and that it serves as an upstream activator of the Hippo pathway. 10 However, how does the interaction between FRMPD1 and WWC3 affect the activity of the Hippo pathway to inhibit the proliferation and invasion of lung cancer cells? To answer this question, first we co- transfected wild-type WWC3 and FRMPD1 and their mutants into a H1299 cell line exhibiting low expression of WWC3, as demonstrated in our previous work. 10 Through a luciferase reporter and WB assays, we found that wild-type FRMPD1 interacted with WWC3 to promote the activity of the Hippo pathway (through downregulation of YAP-TEAD transcriptional activity) and to upregulate the phosphorylation levels of LATS1 and YAP; however, the absence of a PDZ domain in FRMPD1, which hindered the interaction with WWC3, abrogated these effects ( Figure 5A and B) . In addition, RT-qPCR showed that co-transfection of MYC-FRMPD1- WT and GFP-WWC3-WT significantly downregulated mRNA expression levels of the YAP downstream genes, CTGF and CYR61, whereas co-transfection of FRMPD1 mutants and wild-type WWC3 did not show any such effects ( Figure 5C and D) . Finally, we transfected the FRMPD1 plasmid into A549 cells with relatively high WWC3 expression and knocked down WWC3 using siRNA. 10 The results showed that FRMPD1 could not significantly increase the phosphorylation levels of LATS1 and YAP when WWC3 was silenced ( Figure 5E) ; furthermore, the inhibitory effect on lung cancer cell proliferation and invasion was also significantly weakened (n. s.: Transwell: p=0.0512; Colony formation: p=0.0598 Figure 5F ). Consequently, we concluded that FRMPD1 inhibited the malignant phenotype of lung cancer cells by interacting with WWC3 and activating the Hippo pathway.
Discussion
In recent years, the incidence and mortality rate of lung cancer have been the highest among all kinds of malignant tumors, 22 and about 80% of deaths are reportedly due to invasion and metastasis. 23 Therefore, revealing the molecular mechanism underlying the invasion and metastasis of lung cancer and searching for new biomarkers of biological behavior of lung cancer cells would not only benefit the prognostic evaluation of lung cancer but also provide an experimental basis for the development of effective targeted therapeutic drugs, which have important theoretical and practical significance. The expression of FRMPD1 in malignant tumors, especially in lung cancer, and its possible biological effects have not yet been reported. In this study, we first found that FRMPD1 expression was decreased in lung cancer resected specimens through immunohistochemistry, and that FRMPD1 expression was negatively correlated with a patient's age, high TNM stage, and lymph node metastasis. Kaplan-Meier survival analysis showed that FRMPD1-positive patients survived significantly longer than FRMPD1-negative patients, suggesting that FRMPD1 could be recognized as a prognostic factor for lung cancer. However, whether it is also suitable for other types of cancer needs further study. The TCGA database also showed that FRMPD1 was weakly expressed in lung adenocarcinomas. Although the expression levels of FRMPD1 in lung squamous cell carcinoma were comparable to those in normal lung tissues, its expression tended to decrease, which may be related to the selection of samples. Overexpression of FRMPD1 in lung cancer cell lines significantly inhibited the proliferation and invasion of lung cancer cells. These data suggested that FRMPD1 might play a role as a tumor suppressor gene in the development of lung cancer. However, the reason for the low expression of FRMPD1 in non-small cell lung cancer is still unclear. The possibility of methylation or mutation of the FRMPD1 gene or metabolic enhancement in lung cancer cells needs to be explored and verified in subsequent experiments.
To explore the molecular mechanism by which FRMPD1 affects the malignant phenotype of lung cancer, we explored the effects of FRMPD1 on the Hippo pathway and the phosphorylation levels of the key proteins LATS1 and YAP. As observed by RT-qPCR, luciferase reporter, and immunoblotting assays, FRMPD1 significantly enhanced the phosphorylation of LATS1 and YAP, and inhibited the nuclear translocation of YAP and the transcriptional activity of the target gene. Moreover, FRMPD1 was confirmed to be a positive regulator of the Hippo pathway. Protein-protein interactions play a vital role in biological functions. The protein WWC3 contains a PDZ binding motif (which can bind to the PDZ domain), and FRMPD1 contains a PDZ domain, observations worth exploring. Using co-immunoprecipitation and confocal microscopy, we found that FRMPD1 interacts with WWC3 via its N-terminal PDZ domain (possibly direct binding, not yet demonstrated), and that FRMPD1 and WWC3 co-localize in the cytoplasm of lung cancer cells. We found that there were no significant changes in the activity of the Hippo pathway, phosphorylation index, and expression levels of target genes after transfection of FRMPD1 and silencing of WWC3, and that the transfection of FRMPD1-ΔPDZ (which could not bind to WWC3) did not stimulate the Hippo pathway.
Several studies have reported that the Hippo pathway is involved in immunotherapy to malignant tumors, such as lung cancer and melanoma. For example, LATS1/2 deletion unmasks a malignant cell's immunogenic potential and retains tumor growth due to the induction of antitumor immune responses. 24 TAZ can upregulate the expression of PD-L1 and increase the activity of the PD-L1 promoter. 25 At the same time, in human NSCLC, YAP plays an important role in regulating the tumor immune checkpoint in the PD-L1/PD-1 pathway. 26 All these conclusions suggest that the Hippo pathway may have an important effect in cancer immunotherapy. Although there are no reports on the effect of FRMPD1 in carcinoma, our study proved that FRMPD1 may inhibit an advanced TNM stage, lymph node metastasis, and poor prognosis of patients in lung cancer by upregulating the phosphorylation of LATS1 and inhibiting the nuclear translocation of YAP; this activates the Hippo pathway and ultimately inhibits the proliferation and invasion of lung cancer cells. Therefore, whether FRMPD1 can be used as a target of immunotherapy warrants further investigation. In conclusion, our results provide important insights in the search for biomarkers for lung cancer, the development of targeted drugs, and elucidation of the mechanism leading to drug resistance in lung cancer. 
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